Birds often sing from high perches referred to as song posts. However, birds also listen and keep a lookout from these perches. We used a sound transmission experiment to investigate the changes for receiving and sending conditions that a territorial songbird may experience by moving upwards in the vegetation. Representative song elements of the blackcap Sylvia atricapilla were transmitted in a forest habitat in spring using a complete factorial design with natural transmission distances and speaker and microphone heights. Four aspects of sound degradation were quantified: signal-to-noise ratio, excess attenuation, distortion within the sounds determined as a blur ratio, and prolongation of the sounds with ''tails'' of echoes determined as a tail-to-signal ratio. All four measures indicated that degradation decreased with speaker and microphone height. However, the decrease was considerably higher for the microphone than for the speaker. This suggests that choosing high perches in a forest at spring results in more benefits to blackcaps in terms of improved communication conditions when they act as receivers than as senders.
I. INTRODUCTION
In songbirds loud advertising songs typically function in establishment of territories and repellence of competitors as well as in female attraction and stimulation ͑Kroodsma and Byers, 1991; Catchpole and Slater, 1995͒ . Advertising songs may travel over long distances and hence may constitute an energy saving substitute for movements across and within territories and for visual behavior that may be screened by obstacles. However, advertising songs are also subject to attenuation and modification during propagation, especially through forests where the vegetation constrains sound propagation ͑Wiley and Richards, 1978 Richards, , 1982 Blumenrath and Dabelsteen, 2004͒ . Spherical spreading and absorption associated with multiple scattering by the vegetation attenuate sounds and hence reduce their signal-to-noise ratio ͑Mich-elsen, 1983͒. The duration of silences between sound elements is modified as a result of sound reverberation that elongates sounds with tails of echoes ͑Holland et al., 2001a͒. Furthermore, selective frequency filtering, reverberation and atmospheric turbulences distort amplitude and frequency patterns over time, giving recorded sounds a blurred appearance ͑Wiley and Richards, 1982; Dabelsteen et al., 1993͒. Songbirds seem to have evolved different strategies to counteract degradation. For instance, sounds used for longrange communication may be fitted to the properties of the transmission channel by their frequencies ͑Morton, 1975; Dabelsteen et al., 1993; Nemeth et al., 2001; Mathevon et al., 2004͒ . It is also believed that active choice of sender and receiver positions may indicate an adjustment to the heterogeneous forest environment made of various superposed layers of vegetation with different conditions for sound propagation. For instance, the wren Troglodytes troglodytes perches in response to playback of propagation-degraded song, probably to improve ranging conditions ͑Mathevon and Aubin, 1997; Holland et al., 2001b͒. Sound propagation experiments have shown that the birds' choices of high perches for song posts may counteract sound degradation and thereby increase the transmission range of their songs ͑Mathevon et al., 1996͒. However, perched birds also observe and listen to conspecifics, and previous transmission studies suggest that perching in a forest habitat might sometimes improve signal reception more than signal transmission ͑Dabelsteen et al., 1993; Holland et al., 1998͒ . Both of these studies were made in late autumn ͑mid-November and early December͒ to simulate conditions in very early spring long time before leaf burst where only a few species sing. However, the environmental conditions are different in April-May when the singing activity of most species culminates, for instance by having higher temperatures, quickly developing ground covering and leaf burst. These differences make it difficult to assess the external validity of the results from late autumn in terms of how well they predict sound transmission and reception during spring. Besides this, in a recent study based on sound propagation experiments in two different Australian forests, Padgham ͑2004͒ shows first that attenuation is reduced more by increases in receiver height than in source height, and, second, that the height of the source seems to be consistently more effective at reducing the impact of reverberation than any a͒ Electronic mail: mathevon@univ-st-etienne.fr change in receiver height. Thus, the question of the importance of perching appears more complex than it was originally thought and more investigations are needed to clarify the question.
The objective of the present study is to test the relative influence of perching for the sender and the receiver roles at the seasonal peak time for singing in the forest, using migratory blackcap, Sylvia atricapilla, a warbler known to use high perches during singing. We made a sound transmission experiment at the start of trees' leaf burst when the species returns from migration and sings intensively. Loudspeaker and microphone height were varied to simulate different sender and receiver heights, respectively, and sound elements from the advertising song of the species were used as test sounds. To obtain representative knowledge of the changes that occur during transmission, we measured four aspects of sound degradation: signal-to-noise ratio, attenuation in excess to that predicted by geometric spreading, tail-to-signal ratio which is a measure of the reverberations filling the inter note silences, and blur ratio which expresses the distortions of the patterns of amplitude and frequency modulations over time.
II. METHODS
The experiment was made 17-18 and 20-22 April 1998 under good weather conditions ͑temperature around 10°C; relative humidity around 70%; almost no wind͒ in a typical blackcap habitat, a mixed primeval deciduous forest at Strødam Biological Field Station ͑Denmark͒. This period corresponds to the time where male blackcaps start singing, set their territories and attract their sexual partner. The test site, which was dominated by 20-m-high trees ͑diameter 0.3-0.4 m at 1 m above the ground͒, had patches of undergrowth of bushes and young trees of various heights and species, and a ground covering of herbs, dead branches and a few fallen trees. The canopy started 6 -9 m above the ground. Most of the undergrowth had already come into full leaf whereas leaf burst had just started in the canopy of the high trees.
The blackcap advertising song starts with relatively high-pitched twitter sounds ͑T-sounds͒ and ends with louder, more low frequency, species characteristic motif sounds ͑M-sounds͒ ͑Cramp, 1992͒. We selected the same five representative twitter ͑T1-T5͒ and motif ͑M1-M5͒ sound elements used in a previous transmission experiment ͓see Fig. 1 in Dabelsteen and Mathevon ͑2002͔͒. The test sounds, which came from high quality recordings of advertising song made at a distance of 3 m from singing males with a Nagra IIIB tape recorder and an omnidirectional Sennheiser MD211N microphone, were digitized through an OROS acquisition board equipped with an anti-aliasing filter ͑120 dB/oct͒ and isolated using the SYNTANA signal analysis package ͑Aubin, 1994͒. The DAT test tape contained five repetitions of a series of the five M-sounds followed by five repetitions of a series of the five T-sounds, with 1-s pauses between successive sounds. At the start and end of the tape, we inserted 1.5 s of silence.
The test tape was played back from a SONY TCD-D10PRO DAT recorder connected to a DENON DCA-600 power amplifier, a high-pass filter ͑1.2 kHz, f Ϫ3dB ) and a VIFA 1-in. Neodymium tweeter ͑Larsen and Dabelsteen, 1997͒. T-and M-sounds were played back at a natural sound pressure levels ͑SPL͒ of respectively 78 and 85 dB͑A͒ at 1 m. The calibration of the SPL was made with a Brüel & Kjaer sound level meter ͑type 2236͒ equipped with a 1 2 -in. condenser microphone ͑type 4188͒ covered with a windscreen ͑type UA 0459͒. The test sounds were rerecorded through the same sound level meter connected to a HHB PORTADAT PDR 1000 DAT recorder. Loudspeaker and microphone were mounted on telescopic masts ͑Clark, type QT 15N/HP͒ pointing towards each other.
The ten sounds were transmitted along three representative transects over 12.5, 25, and 50 m considering that the diameter of a blackcap territory is about 50 m ͑Cramp, 1992͒. The loudspeaker ͑4 and 9 m͒ and the microphone ͑2, 4, and 9 m͒ heights were chosen to represent natural perches. The experiment followed a complete factorial design with five replications of 54 transmission pathways: 3 transects ϫ3 distances ϫ2 speaker heights ϫ3 microphone heights.
As playback equipment modifies test sounds, we rerecorded the sounds in an open area at a distance of 1.5 m from the loudspeaker with both loudspeaker and microphone 9 m above the ground. This recording provided the model sounds, one for each sound type. The sounds transmitted over 12.5-50 m constituted the observation sounds. The degradation of the observation sounds was quantified by comparing them with their respective model sounds, which had only suffered negligible degradation. Following Dabelsteen and Mathevon ͑2002͒ we selected for analysis the first two replications of each observation sound and transmission pathway that were neither corrupted by wind noise, nor masked by transient external noise such as vocalizations of other birds. For each pathway we also measured the stationary background noise in a 1-s segment taken from one of the 1.5-s pauses at the start or the end of the recording.
Models, observation sounds and segments of background noise were band-pass filtered at 1-9 kHz ͑Standford Research System, type SR650, 115 dB/oct͒ and digitized through an acquisition board ͑Signal Data DSP SPB2 signal processor board, ⌬ f ϭ22 050 Hz). The digitized sounds were then band-pass filtered using sound-specific filter bandwidths that matched the frequency range of each of the ten test sounds ͑sound, frequency range in kHz; T1: 3.7-8.7; T2: 2.1-6.6; T3: 2.3-4.7; T4: 2.2-8.0; T5: 3.9-7.7; M1: 1.7-3.3; M2: 2.1-3.7; M3: 2.5-3.5; M4: 2.1-3.3; M5: 2.4 -6.2͒. The filtering and the subsequent quantification of four aspects of degradation were made with SIGPRO ver. 1.4 ͑Ped-ersen, 1998͒.
The signal-to-noise ratio (SNR) was calculated from the energies of the observation sound ͑Ey͒ and the background noise ͑En͒, both over the duration of the model sound, as SNRϭ10 log ͑͑Ey-En͒/En͒. The tail-to-signal ratio (TSR), which expresses the amount of elongation with tails of echoes, was calculated from Ey and the energy of the tail of echoes ͑Et͒ as TSRϭ10 log ͑Et/Ey͒. The excess attenuation (EA), which is the attenuation of the observation sound in excess to the 6 dB per doubling of distance predicted by spherical spreading, and the blur ratio (BR), which expresses the distortion in amplitude and frequency patterns over time, were derived from the relation of the amplitude functions ͑AF͒ of model and observation sounds. The energy of the observation AF (Ey AF ) relative to the energy of the model AF determines the factor k AF that is used to attenuate the model sound to the same energy as the observation sound. EA was then calculated as EAϭϪ20 log k AF -A, where A is the attenuation caused by spherical spreading. The energy of the difference signal (Ex AF ) between the observation AF and the k AF -attenuated model AF expresses the blurring of the observation sound. BR was calculated as BRϭEx AF /Ey AF . The detailed protocol of the signal analysis is reported elsewhere ͑Dabelsteen et al., 1993; Holland et al., 1998 . Statistics were made with the Statgraphics package, STSC Inc.
The data obtained for M-and T-sounds were analyzed separately and subjected to a multifactor ANOVA as follows: 3 transects ϫ5 sounds ϫ3 distances (12.5 m,25 m,50 m) ϫ2 speaker heights (4 and 9 m) ϫ3 microphone heights (2,4 and 9 m) with 2 replications. This should give a sample size of 540. However, the data set was lower because the two envelope-based measures, EA and BR, could not be quantified for one of the T-sounds that is rich in harmonics ͑Dabelsteen and Mathevon, 2002͒, and because background noise corrupted especially the tails of echoes contributing to the TSR measure. For M-sounds, this resulted in data sets of 534 ͑EA, BR and SNR͒ and 506 ͑TSR͒; for T-sounds data sets of 420 ͑EA and BR͒, 526 ͑SNR͒ and 432 ͑TSR͒. Prior to the statistical analysis, the data for TSR, EA and BR were respectively log 10, square root (ϩ3) and log 10 transformed to cope with the requirements for parametric tests. Main and twofactor interaction effects were considered, and 95% LSD confidence limits were used for post hoc comparisons.
III. RESULTS
The effect of the propagation distance explains most ͑31%-62.6%͒ of the total variation for all measured parameters. The signal-to-noise ratio ͑SNR͒ decreases, and excess attenuation ͑EA͒, blur ratio ͑BR͒ and tail-to-signal ratio ͑TSR͒ increase with distance. The effects of transect and test sound explain a large part of the variation for some of the measures, 5.7%-26.0% and 0.9%-21.6%, respectively. Transect, distance and test sound have a significant effect on all of the degradation measures (F-ratioϭ4.3-1356.8, df ϭ1 -4, pϽ0.02-0.000 01).
The microphone and the speaker height explain less of the total variation than the other factors. However, there is a striking difference between their effects: the microphone height explains 1.7%-3.2% ͑M-sounds͒ and 1.3%-4.1% ͑T-sounds͒ of the total variation, the speaker height only 0.01%-0.9% ͑M-sounds͒ and 0.4%-1.5% ͑T-sounds͒. Whereas the effect of microphone height is significant for all degradation measures (F-ratioϭ13.5-62.7, dfϭ2, p Ͻ0.000 01), this only applies to some of the measures for speaker height (F-ratioϭ5.74-36.6, dfϭ2, p Ͻ0.017-0.000 01). Increasing the microphone height, especially from 4 to 9 m, decreases degradation in all aspects for both sound types ͑Figs. 1 and 2͒: SNR increases, BR, EA and TSR decrease. Increasing the speaker height has a somewhat different and smaller effect, especially for M-sounds where neither EA (F-ratioϭ0.54, dfϭ1, pϭ0.46 Moreover, an increase in speaker height increases degradation with respect to SNR for both M-and T-sounds.
Overall, the two-factor interactions explain only a small part of the variation, and as expected from previous studies, distance by transect is the most important two-factor interaction (F-ratioϭ2.52-42.5, dfϭ4, pϽ0.04-0.000 01). Those where distance and microphone height are one of the two factors are also of some importance, for instance microphone by distance where the interaction effect comes from the variation in which of the microphone heights 2 and 4 m causes most degradation ͑Figs. 3 and 4͒. Unlike this, the influence of speaker by distance is negligible ͑Figs. 3 and 4͒.
To investigate what the effects of perching correspond to in terms of virtual horizontal approaches that would give the same effects, we followed the method described in Holland et al. ͑1998͒ which allows us to relate the measured difference in the degradation values to the horizontal distance that would have produced a comparable change. We thus looked at the average effects of increasing sender ͑speaker͒ and receiver ͑microphone͒ height from 4 to 9 m when the distance between sender and receiver is 50 m, i.e., one territory diameter. We first estimated regression lines with log propagation distance for each of the four degradation measures for both M-and T-sounds (degradationϭaϩbϫlog distance), and calculated what the degradation for each measure would be at 50 m according to these regressions. The eight regressions were then used to translate the measured average effects of perching into the virtual horizontal approach distances that would have produced the same effects ͑degradation at 50 mϪmeasured average effect of perchingϭaϩbϫlog new distance; 50 mϪnew distanceϭvirtual horizontal approach͒. The virtual horizontal approach distances, which are shown in Fig. 5 , accentuate the clear differences between the effects of speaker and microphone elevation. All but one of the elevations of loudspeaker and microphone from 4 to 9 m is equivalent to a horizontal approach to respectively another receiver or sender. The one exception is for SNR of the T-sounds where an elevation of the speaker height from 4 to 9 m is equivalent to a horizontal retreat. Moreover, elevating the microphone from 4 to 9 m corresponds to a much larger approach distance than the same elevation of the loudspeaker, especially for M-sounds ͑Fig. 5͒. The difference is less pronounced for T-sounds, and for one measure, TSR, elevation of the speaker has a larger effect than elevation of the microphone. For the M-sounds, the virtual horizontal approach derived from the effect of elevating the speaker 5 m is comparable to this elevation height, whereas the virtual approach derived from the elevation of the microphone is considerably larger corresponding to half a territory diameter. For the T-sounds, elevation of the speaker has a larger effect than for the M-sounds, but this effect does not consistently correspond to a virtual approach, and the elevation of the microphone has a smaller effect than for the M-sounds ͑Fig. 5͒.
IV. DISCUSSION
The present study uses experimental transmission of blackcap song to test whether high perching in songbirds is equally profitable for receivers and singers. For the first time this is done at the natural time in spring when the singing activity of the actual test species peaks, and by quantifying aspects of all of the main types of transmission-induced sound modifications. In terms of improvements in signal transmission that can be obtained by moving upwards in the vegetation at the time of territory establishment, the results show that high perching above the undergrowth is more important to a blackcap that acts as a receiver than to one that acts as a sender. Although previous studies made at a more unnatural time of the year suggested that this might be the case ͑Dabelsteen et al., 1993; Holland et al., 1998͒, this is the first study that clearly demonstrates this difference in benefits for the sender and the receiver roles.
Elevating the microphone from 4 to 9 m above ground crophone to 9 m also applies to the tail-to-signal ratio ͑TSR͒, at least as regards M-sounds. A low TSR is important because the tails of echoes may interfere with the song elements by forward masking and also fill in interelement pauses in the songs ͑e.g., Holland et al., 2001b͒ . Altogether, the present results support that a songbird receiver should choose high perches to optimize sound signal reception.
The improvements obtained by a high speaker position seem far less pronounced. Indeed, the influence of speaker height was apparent only for T-sounds. For T-sounds, the tail-to-signal ratio ͑TSR͒, the excess attenuation ͑EA͒ and the blur ratio ͑BR͒ significantly decreased with speaker height. As M-sounds constitute the most powerful sounds of the blackcap song and hence those presenting the largest capacity for long-range propagation, these results indicate that the choice of a high song post may allow a blackcap male to only slightly increase the active space of its songs. Conversely, T-sounds are often sung alone in the undergrowth for long periods ͑Cramp, 1992, personal observations͒. The increased degradation of T-sounds resulting from the choice of a low song post may allow males to impair the decoding of this kind of signal by an undesirable audience, for example potential eavesdroppers in the context of courtship ͑e.g., Dabelsteen et al., 1998; Balsby and Dabelsteen, 2003͒. Although the physical mechanisms behind the differential effects of emitter and receiver positions on sound transmission are unclear, these effects are likely to be explained by the propagation path of the emitted sounds. Down at 4 m the density of the vegetation is higher and the tree trunks have larger diameters than at 9 m, which is well above the undergrowth and at the underside of or just inside the canopy. At mid-spring when this experiment was made the process of bursting into leaf has just started in the canopy whereas it is almost completed in the undergrowth. Altogether, this should cause more filtering, scattering and reverberation at 4 m than at 9 m ͑e.g., Richards, 1978, 1982͒. 
